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Qiong Wang, Anh Minh Tang, Yu-Jun Cui, Jean-Dominique Barnichon, Wei-Min Ye. A comparative study on the hydro-mechanical behaviour of compacted bentonite/sand plug based on laboratory and field infiltration tests. Engineering Geology, Elsevier, 2013, 162, pp.79-87. 10.1016/j.enggeo.2013.05.009. hal-00926865 2 Abstract: SEALEX is a research project aiming at identifying the key factors that 27 affect the long-term performance of bentonite-based sealing systems with an initial 28 technological void. In this context, a series of in-situ experiments have been being 29 performed in field conditions. Meanwhile, a small scale test (1/10) was carried out in 30 controlled conditions in the laboratory, aiming at providing useful information for 31 analyzing the in-situ tests in terms of saturation time and sealing effectiveness. In this 32 paper, the results of the small-scale test are presented along with the results from the 33 first in-situ test (PT-N1). It was observed that during the saturation process, the 34 evolution of the injected water volume followed a hyperbolic relationship with time in 35 both the laboratory and field conditions. In the laboratory conditions, a decrease in 36 axial swelling pressure occurred due to filling of the technological void. By contrast, 37 this decrease has not been observed in the field conditions. Comparison of the injected 38 water and the axial swelling pressure between the two different scales enabled the 39 definition of a same time up-scaling ratio of 2.5 (in situ experiment /small scale test). 40 Accordingly, the saturation duration of the in situ experiment was estimated to be 41 equal to two years. For the small-scale test, a swelling strain evolution rate of 0.588 50 In the design of deep geological repository for high level long lived radioactive wastes, 51 compacted bentonite-based materials are often considered as buffer/sealing materials. 52 These materials are expected to exhibit a swelling pressure high enough to fulfil their 53 buffer/sealing functions. 54 Numerous laboratory studies have been conducted to assess the performance of Grimsel, Switzerland; RESEAL at Mol, Belgium; KEY at Bure, France, etc.). 59 Recently, IRSN (Institut de Radioprotection et de Sûreté Nucléaire, France) has 60 launched the SEALEX project aiming at identifying and quantifying the key factors 61 related to the long-term performance of bentonite-based sealing systems taking into 62 account an initial technological void. This project consists of a series of in-situ 63 experiments in the Tournemire URL, and a small-scale test (1/10) in the laboratory. 64 The in-situ experimental program was purposefully built allowing systematical 65 exploration of the effects of technical specifications, design, construction, defect, etc., 66 by changing a single parameter each time. As a reference case (see Barnichon et al. 67 2009, 2012 for more details), the first test PT-N1 with a clay core made up of 68 pre-compacted monolithic disks of MX80 bentonite/sand mixture (70/30 in dry mass) 69 4 has been conducted in the URL of Tournemire. Due to the low permeability of this 70 material, saturation is expected to be reached in several years (see Barnichon et al., 71 2012). During the saturation process, the injected water volume, total pressure, pore 72 water pressure and relative humidity changes have been monitored at several 73 positions within the plug. After the saturation stage, hydraulic tests will be performed 74 to determine the overall hydraulic properties (permeability, occurrence of leakage) of 75 the sealing system. In addition to this reference case, three other tests are designed to 76 quantify the impact of the technical specification and design of the sealing plug by 77 changing the intra-core geometry (jointed in stead of monolithic disks), core 78 composition (MX80/sand ratio) and core conditions (compacted in field in stead of 79 pre-compacted). Moreover, to investigate the effect of altered conditions, an 80 additional test is designed to simulate an incidental decrease of swelling pressure 81 caused by failure of the confining structure. 82 Based on the design of the in-situ experiments, a laboratory small-scale test (1/10) 83 was performed, focusing on the recovery capacity of the bentonite-based seal with 84 technological voids. The material identical to that used in test PT-N1 was used (MX80 85 bentonite/sand mixture). A confining cell of stainless steel was used to simulate the 86 constant-volume boundary conditions. After the initial saturation process as in the 87 PT-N1 in-situ experiment, the seal evolution upon a confinement failure was 88 simulated by allowing a given amount of free swell. This free swell was followed by a 89 last stage of wetting under constant volume conditions. To assess the sealing capacity, 90 the injected water volume, axial swelling pressure and swelling strain were monitored 91 5 in different stages. It was expected to obtain useful information from the laboratory 92 small-scale test for analysing the field tests in terms of saturation time and sealing 93 effectiveness. 94 In this paper, the results of the small scale test are presented along with the results 95 from the in-situ test (PT-N1). An up-scaling ratio was obtained by comparing the 96 injected water volume and the axial swelling pressure evolution between the 97 laboratory and field conditions. The time needed to reach the stabilization of axial 98 swelling pressure for the in situ test (PT-N1) as well as the evolution of swelling strain 99 and swelling pressure in the case of failure of the confining structure were estimated 100 accordingly. The soil studied is a compacted MX80/sand mixture with a proportion of 70/30 in dry 104 mass. The bentonite is from Wyoming, USA, with a high content of montmorillonite 105 (80%). It has a liquid limit of 575%, a plastic limit of 53% and a unit mass of 106 2.77 Mg/m 3 . The cation exchange capacity (CEC) is 76 meq/100g (83 % of Na + ). The 107 quartz sand used in the mixture comes from Eure and Loire (France) with a unit mass 108 of 2.65 Mg/m 3 . It was sieved at 2 mm prior to being mixed with the bentonite. 109 The water used has the same chemical composition as the pore water of the corresponding chemical compounds (see Table 1 ) with distilled water using a 113 magnetic stirrer until full dissolution. 114 2.2 SEALEX in-situ test (PT-N1) 115 As mentioned above, the in-situ experiment (PT-N1) has been conducted in the Regarding the test operational phases, a volume of water of 49 L was first injected, 148 which corresponded to the volume of the technological void adopted. This process 149 ended in one hour. Afterwards, the water supply was stopped because the side packer 150 was not properly inflated; it restarted after 20 days under a water pressure of 0.1 MPa. 151 During the saturation process, the swelling pressure, pore pressure, water content or 152 water saturation within the plug were monitored. The injected water volumes at both 153 upstream and downstream chambers were also measured. When the saturation process 154 is completed, hydraulic tests will be performed to determine the overall hydraulic 155 properties (permeability, occurrence of leakage) of the corresponding sealing systems. axial displacement were recorded automatically to a data logger, while the inlet water 173 volume was measured manually by determining the water level in the burettes. Note 174 that in this small-scale test, the radial swelling pressure was not measured. 175 A monolithic cylindrical sample (55.5 mm in diameter, 120 mm high) was used in the 176 test. It was statically compacted in a mould to the same dry density as in the in-situ 177 test (1.97 Mg/m 3 ). In order to ensure the homogeneity of the specimen, the 178 9 compaction was carried out in two layers. The surface of the first compacted layer 179 was carefully scarified before the second layer was added to ensure a good junction 180 between them. Figure 5a shows the pre-compacted specimen with the hydration cell. 181 After compaction, the specimen (55.5 mm in diameter) was placed at the center of the 182 cell (60 mm in inner diameter), leaving an annular void (2.25 mm) between the 183 specimen and cell wall ( Figure 5b ). An initial axial stress of 0.1 MPa was applied on 184 the specimen before hydration in order to ensure good contacts between the load cell 185 and the piston, between the piston and the sample, between the sample and the cell 186 bottom, as well as satisfactory load measurement. Then, the upside inlets (see Figure   187 4) were sealed and vacuum was applied to evacuate all air in the voids (technological 188 void mainly). The synthetic water was finally injected from the bottom. 189 As described in Figure 6 , hydration was carried out in three stages. First, the axial According to this hyperbolic relationship, the maximum water volume corresponds to 221 11 1/b (Eq.2), equal to 72.46 L. This is to be compared with the total volume of voids 222 including the technological void and the soil porosity: 69.1 L.
INTRODUCTION
During hydration, both the axial and radial swelling pressures were recorded by the 225 total pressure sensors (see Figure 3 ) and the results are shown in Figure 10 Figure 13 and Figure 14 depict the evolution of swelling pressure in the first stage (i.e. 249 initial saturation phase). Once water was injected into the specimen, the axial swelling 250 pressure increased very quickly ( Figure 14 ). After about 2 days, the swelling pressure 251 reached a first stability stage (1.30 MPa) and it restarted to increase on the 4 th day. 252 When the swelling pressure reached 1.45 MPa after about 12 days, a significant 253 decrease of swelling pressure occurred and a minimum value of 0.70 MPa was 254 reached. Afterwards, the swelling pressure increased again after about 33 days ( Figure   255 13), but at a slower rate. In addition, the evolution curve shows fluctuating pattern. 256 The swelling pressure reached a mean value of 1.80 MPa after 300 days and then 257 fluctuated in the range of 1.75-1.95 MPa. 258 The axial deformation during the swelling pressure development was also recorded, 259 and shown in Figure 13 . It followed the same trend as the swelling pressure. Note 260 however that the variation of displacement was smaller than 0.2 mm. It represents 261 0.16% of the specimen height (120 mm), suggesting a satisfactory control of axial 262 displacement in this stage. 263 13 According to the data obtained in the first stage ( Figure 13 ), no obvious swelling 264 pressure increase occurred during a period of 50 days from day 300 to day 350. Thus, 265 it was decided to start the second stage. For this purpose, the confining pressure was 266 removed on day 350, allowing the free swell. Changes in axial swelling strain were 267 recorded and presented in Figure 15 . The uplifting of load cell led to an instantaneous 268 rebound of 1.1% (1.4 mm / 120 mm). Afterwards, the axial swelling strain increased 269 almost linearly at a rate of 0.145 mm/day. Following this rate, 20% of swelling strain 270 was expected to be reached after 157 days. In order to reduce the test duration, two 271 sides infiltration was applied on day 364. This resulted in an increase of the swelling 272 strain rate to 0.588 mm/day, which is four times faster than that with one-side 273 infiltration. The expected value of 20% (24 mm) was reached on day 400. The piston 274 was then re-blocked automatically to start Stage 3. Note that the measured axial swell 275 was 24.4 mm. 276 The evolution of swelling pressure was then measured again and the results are 282 It was observed that more water infiltrated into the soil than that calculated by 283 considering the technological void and the soil porosity in both the in situ test 284 14 (71.39 L) and laboratory small-scale test (70.60 mL). Even though the water volume 285 has been not yet reached stabilization in the in-situ conditions, the discrepancy is 286 found to be larger than in the small-scale test. This can be related to the natural 287 conditions of the in-situ test, where some water intake by the host-rock did occur. properties in a heavily compacted unsaturated clay. Engineering Geology, 50(1-2), 414 31-48. 415 Jacinto Tables  437  438  Table 1 . Chemical composition of the synthetic water. 439 
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